Background-The RAFT (Resynchronization in Ambulatory Heart Failure Trial) demonstrated that cardiac resynchronization therapy (CRT) reduced both mortality and heart failure hospitalizations in patients with functional class II or III heart failure and widened QRS. We examined the influence of CRT on ventricular arrhythmias in patients with primary versus secondary prophylaxis defibrillator indications. Methods and Results-All ventricular arrhythmias among RAFT study participants were downloaded and adjudicated by 2 blinded reviewers with an overreader for disagreements and committee review for remaining discrepancies. Incidence of ventricular arrhythmias among patients randomized to CRT-D versus implantable cardioverter defibrillator (ICD) were compared within the groups of patients treated for primary prophylaxis and for secondary prophylaxis. Of 1798 enrolled patients, 1764 had data available for adjudication and were included. Of these, 1531 patients were implanted for primary prophylaxis, while 233 patients were implanted for secondary prophylaxis; 884 patients were randomized to ICD and 880 to CRT-D. During 5953.6 patient-years of follow-up, there were 11 278 appropriate ICD detections of ventricular arrhythmias. In the primary prophylaxis group, CRT-D significantly reduced incidence ventricular arrhythmias in comparison to ICD (hazard ratio, 0.86; 95% confidence interval, 0.74-0.99; P=0.044). This effect was not seen in the secondary prophylaxis group (hazard ratio, 1.14; 95% confidence interval, 0.82-1.58; P=0.45). CRT-D was not associated with significant differences in overall ventricular arrhythmia burden in either group. Conclusions-CRT reduced the rate of onset of new ventricular arrhythmias detected by ICDs in patients without a history of prior ventricular arrhythmias. This effect was not observed among patients who had prior ventricular arrhythmias. Clinical Trial Registration-URL: http://www.clinicaltrials.gov. Unique identifier: NCT00251251.
C ardiac resynchronization defibrillators have been demonstrated to reduce both mortality 1, 2 and heart failure [1] [2] [3] in patients with significant ventricular dysfunction and widened QRS. The influence of cardiac resynchronization therapy (CRT) on ventricular arrhythmias, however, is less certain. A systematic review of randomized controlled trials of more advanced heart failure populations with New York Heart Association class III-IV raised the concern that CRT may increase arrhythmia deaths, 4 
yet the CARE-HF trial (the Effect of Cardiac Resynchronization on Morbidity and Mortality in
Heart Failure) demonstrated a reduction in mortality, including a reduction in sudden death 5, 6 in patients treated with CRT pacemakers. Small series and case studies have reported potential proarrhythmia related to biventricular pacing, 7 and mechanistic and clinical studies have proposed potential mechanisms for a proarrhythmic effect of CRT. [8] [9] [10] [11] Nonetheless, both MADIT-CRT (the Cardiac-Resynchronization Therapy for the Prevention of Heart-Failure Events trial) and REVERSE
(Randomized Trial of Cardiac Resynchronization in Mildly Symptomatic Heart Failure Patients and in Asymptomatic Patients With Left Ventricular Dysfunction and Previous
Heart Failure Symptoms) showed that patients with CRT with favorable hemodynamic response or who demonstrated left ventricular reverse remodeling had reduced ventricular arrhythmias, [12] [13] [14] [15] whereas those patients with CRT who did not experience reverse remodeling had increased ventricular arrhythmias. 15 It remains unclear whether CRT reduces ventricular arrhythmias by preventing adverse remodeling or whether resynchronization and shortening ventricular activation time confers a persistent antiarrhythmic effect.
To determine the influence of CRT on ventricular arrhythmias in patients with and without a history of ventricular arrhythmias, we used the arrhythmia data from the RAFT study, in which randomized patients with implantable cardioverter defibrillator (ICD) or CRT-D device downloads throughout a long follow-up period were available for analysis.
Methods

Study Population
The design, protocol, and results of the RAFT trial have been previously published 1, 16 ; it was approved by the research ethics boards at all participating institutions, and all participants provided written informed consent. The trial included patients with New York Heart Association functional class II or III heart failure symptoms, despite optimal medical therapy with left ventricular ejection fraction ≤30% with intrinsic QRS duration ≥120 ms (or paced QRS duration ≥200 ms), with either a primary or secondary prophylactic indication for ICD implantation. Patients were enrolled from January 2003 to February 2009 within 34 centers. Among 1798 patients enrolled, 1787 had an ICD or CRT-D implanted; 1764 had device-download information available for analysis and are included in this analysis (Figure 1 ).
Device Programming and Data Acquisition
Patients were implanted with defibrillators (Medtronic, Minneapolis, MN) programmed according to prespecified evidence-based guidelines. 1, 17, 18 In brief, devices were programmed with ventricular tachycardia (VT) detection at 150 beats per minute (or less if slower clinical VT had been documented), requiring 16 intervals for initial detection. Fast VT and ventricular fibrillation (VF) intervals were specified, as well as standardized discriminator algorithms. Antitachycardia pacing was programmed in all zones. Patients were seen in follow-up at 1 month after implantation and every 6 months throughout the trial. At each visit, the ICD was interrogated to capture all arrhythmia events detected by the device since implantation, and the data were saved and transmitted to a core laboratory. Data from each device interrogation were concatenated for each patient, and arrhythmia events were uploaded to a web-based electrogram/event review database (WebEGM, Medtronic Inc).
Event Adjudication
All spontaneous events detected by the ICD as sustained ventricular arrhythmias were reviewed using a web-based adjudication system by an experienced ICD technician and a Cardiac Electrophysiologist investigator. Arrhythmia event reviewers were blinded to clinical data, although the presence of embedded electrogram data precluded complete blinding of the reviewers to presence or absence of a left ventricular lead. Adjudicators determined accuracy of arrhythmia detection and categorized by type (monomorphic VT had stable morphology, polymorphic VT had unstable morphology with mean cycle length >240 ms, and VF had unstable cycle length or morphology with mean cycle length ≤240 ms). If there was uncertainty by the investigator or disagreement between the first 2 reviewers, the event was reviewed by a third reviewer, blinded to the prior adjudications. If there was disagreement between either investigator reviewers, or remaining uncertainty, the event was reviewed by the entire committee and adjudicated by consensus. Device event logs and totals from implant to final follow-up were reconciled with electrogram and event data available for review. In the case of events with missing electrograms, the clinical event record (blinded to treatment allocation) was examined, and the event was adjudicated if there was clear ECG evidence to classify the event. In the absence of clear clinical documentation, events without electrograms were classified as appropriate if the patient had an adjudicated VT episode with cycle length within 40 ms or inappropriate if the patient had an adjudicated supraventricular tachycardia episode with cycle length within 40 ms. If the
WHAT IS KNOWN
• Cardiac resynchronization defibrillator implantation reduces mortality and heart failure hospitalization for patients with functional class II or III heart failure and left bundle branch block in comparison to implantable defibrillator alone.
• Cardiac resynchronization reduces new-onset ventricular arrhythmias in those with no history of arrhythmias who obtain or are likely to obtain hemodynamic response.
WHAT THE STUDY ADDS
• Cardiac resynchronization was found to significantly reduce new-onset and first recurrences of ventricular arrhythmias for patients who have not experienced prior ventricular arrhythmias.
• For patients with a history of ventricular arrhythmias, there was a statistically insignificant trend to increased ventricular arrhythmias with cardiac resynchronization pacing. cycle length matched both or neither, but was part of a cluster (within 48 hours) of similar events with electrograms available for adjudication, it was classified the same. In the absence of this evidence, the event was adjudicated as unknown.
Study Outcomes
The primary outcome of this study was incidence of ventricular arrhythmia after randomization to ICD or CRT-D in patients without previous ventricular arrhythmia (primary prophylaxis device indication) and in patients with previous ventricular arrhythmia (secondary prophylaxis device indication). Secondary study outcomes included mean numbers of ventricular arrhythmias and ICD therapies per patient and number of patients affected with ventricular arrhythmias and ICD therapies.
Statistical Analysis
All analyses were performed according to the intention-to-treat principle. Continuous data are presented as mean±SD. Differences in baseline demographic variables and among the primary and secondary prophylaxis groups were compared using t tests for continuous variables and the χ 2 or Fisher exact test for categorical variables. We used survival analysis techniques to compare CRT-D versus ICD with respect to survival free of ventricular arrhythmias in both the primary and secondary prophylaxis device indication patients. Survival was summarized with the use of Kaplan-Meier curves and compared using log-rank tests. Hazard ratios (HRs) and associated 95% confidence intervals (CIs) were calculated using the Cox proportional hazards model. Because duration of follow-up was longer among patients treated with CRT-D (who had a survival advantage), analysis of arrhythmia burden was performed using counts of events per personyear at risk, and rates were compared using a zero inflated Poisson model. In addition, to account for the competing risk of death and the occurrence of ventricular arrhythmia, a multistate model was used to estimate the time to the occurrence of first ventricular arrhythmia or death and subsequent ventricular arrhythmia episodes.
Results
Among 1798 patients enrolled in the trial, 1787 had ICD or CRT-D implanted, and 1764 (99%) had device-download data available for review ( Figure 1 ) and comprise the study group. Device counters were reconciled with event logs and electrograms. Of 15 103 device-detected events, 14 515 (96.1%) had event-specific data available; 10 373 (71.5%) were adjudicable by electrogram review, and 4142 (28.5%) were classified by cycle length and temporal proximity to electrogram-adjudicable events. Baseline characteristics are shown in Table 1 . The majority of patients in the RAFT trial were included in this study, and no differences in baseline variables were observed between ICD and CRT-D randomization groups among either the primary prophylaxis or secondary prophylaxis groups (Table 1 ). There were no major differences in baseline ejection fraction, etiology of cardiac dysfunction, sex, age, QRS morphology, or pharmacological therapy.
The mean follow-up was 40.7±19.2 months, with a total follow-up of 5953.6 patient-years. A total of 871 (49.4%) patients had ventricular arrhythmias detected, 448 (50.7%) in the ICD group and 423 (48.1%) in the CRT-D group (HR, 0.90; 95% CI, 0.7-1.03; P=0.13). There were 11 278 events adjudicated to be appropriate detections of ventricular arrhythmias (8096 adjudicated by electrogram review and 3182 by cycle length and temporal proximity to adjudicated events). There were 3183 events adjudicated as inappropriate detections of ventricular arrhythmia (2277 by electrogram review and 906 by cycle length and temporal proximity to adjudicated events) and 54 events adjudicated as unknown. Patients experienced 11 278 ventricular arrhythmias during follow-up, including VF, polymorphic VT, and monomorphic VT. Of patients with a primary prophylaxis indication, 47.5% of patients experienced ventricular arrhythmia as compared with 61.8% of those with a secondary prophylaxis indication (P<0.0001).
Effect of CRT on Ventricular Arrhythmias
Among primary prophylaxis patients, there is a trend to fewer patients implanted with CRT-D, 344 (45.3%) patients experiencing ventricular arrhythmia during follow-up than patients implanted with ICD, 383 (49.6%; P=0.10; Table 2 ). The time to the occurrence of ventricular arrhythmia was significantly prolonged in the CRT-D patients in comparison with the ICD patients (HR, 0.86; 95% CI, 0.74-1.00; P=0.044). However, among secondary prophylaxis patients, there was no difference in the number of patients who developed ventricular arrhythmia between the 2 groups, 79 (65.3%) patients implanted with CRT-D and 65 (58.0%) patients implanted with ICD, P=0.28; the time to occurrence of ventricular arrhythmia between CRT-D patients and ICD patients was no different (HR, 1.14; 95% CI, 0.82-1.58; P=0.45; Figure 2 ). When primary and secondary prophylaxis patients were combined, there was a trend to prolongation of time to the occurrence of ventricular arrhythmias among patients treated with CRT (HR, 0.90; 95% CI, 0.79-1.03; P=0.13), but it was not statistically significant. 
Effect of CRT on Recurrent Episodes of Ventricular Arrhythmias: Multistate Model
With adjustment for the competing risk of death, a multistate model analysis demonstrated that for the patients without prior ventricular arrhythmia at entry to the study (primary prophylaxis), the time to the first occurrence of ventricular arrhythmia in patients implanted with CRT-D was significantly longer than in those with ICD (HR, 0.86; 95% CI, 0.74-0.99; P=0.039). For patients with prior ventricular arrhythmia at entry to the study (secondary prophylaxis), the result was different. The time to the first occurrence of ventricular arrhythmia in patients implanted with CRT-D was not longer than in those implanted with ICD (HR, 1.15; 95% CI, 0.83-1.60; P=0.40). The same observation was The number of ventricular arrhythmias experienced by each group is shown in Figure 5 . The distribution demonstrates higher numbers of ventricular arrhythmias experienced in the secondary prophylaxis groups, but no consistent trend associated with CRT-D randomization.
Discussion
This study demonstrated that CRT reduced ventricular arrhythmia only in patients without prior ventricular arrhythmia (primary prophylaxis), but for patients with prior ventricular arrhythmia (secondary prophylaxis), CRT was not associated with a reduction in ventricular arrhythmia, but may even have been associated with an increase.
CRT has brought important benefit to patients with heart failure. Standard cardiac pacing from the right ventricular apex is a highly effective treatment for bradycardias, but is associated with an increased risk of ventricular dysfunction 19 and may increase the risk of ventricular tachyarrhythmias. [20] [21] [22] It should, therefore, be no surprise if CRT, which can improve ventricular function, has complex effects on ventricular arrhythmias. Some studies have suggested that it can suppress ventricular arrhythmias, 23, 24 while others have raised concern about an increase in ventricular arrhythmias in case reports and series. 7, 8, 20, [25] [26] [27] [28] The MADIT-CRT trial 3 enrolled patients without a history of ventricular arrhythmias 14 and found that CRT reduces the risk of new-onset ventricular arrhythmias (faster than 180 beats per minute), particularly in patients with left bundle branch block conduction pattern, without a significant reduction on subsequent arrhythmia risk. It also showed a trend to an increase in recurrences of ventricular arrhythmias among patients with non-left bundle branch block conduction patterns. 12 The MADIT-CRT trial also demonstrated that the reduction in ventricular arrhythmia risk was seen among patients with a significant hemodynamic response to CRT. 13, 14 This finding has been further confirmed in a meta-analysis. 29 This study represents the largest adjudicated database of ventricular arrhythmias in patients treated with CRT-D and ICD and includes more than double the number of patients experiencing ventricular arrhythmias reported in prior studies. The population treated with CRT in the RAFT study experienced reductions in both heart failure hospitalization and mortality, with the largest reductions seen in patients without atrial fibrillation and with left bundle branch block conduction abnormalities, particularly among those with the most prolonged QRS durations. 30 In this study, we observed that in the overall population, there was no significant influence of CRT on either new-onset ventricular arrhythmias or recurrent arrhythmias. Nonetheless, there was a trend to reduce newonset ventricular arrhythmias among the entire study group and a significant reduction in new-onset ventricular arrhythmia and recurrent arrhythmias in the primary prophylaxis group. Among patients who had already experienced ventricular arrhythmias (secondary prophylaxis group), the trend was reversed, with a slight increase in the point estimate of risk of ventricular arrhythmias. This is in keeping with and extends the observations in MADIT-CRT, which included patients implanted for primary prophylaxis. 14 This study does not provide a clear mechanistic explanation for the contrasting findings that CRT reduced ventricular arrhythmia in patients without prior ventricular arrhythmia but appeared to increase ventricular arrhythmia in patients with prior ventricular arrhythmia. One might speculate that CRT-D provides favorable hemodynamic benefits to patients without a ventricular arrhythmia history that delays progression of arrhythmogenic substrate, but that once this substrate is present, the hemodynamic benefit is no longer antiarrhythmic. Further, it is possible that imposing continuous left ventricular epicardial pacing with CRT might carry a slight increased proarrhythmic risk once the arrhythmogenic substrate is present. Our observation that numbers of ventricular arrhythmias experienced by patients randomized to CRT-D were not significantly different (although they tended to be more frequent) from those randomized to ICD in either primary or secondary prophylaxis groups would be consistent with this hypothesis of competing (antiarrhythmic) hemodynamic protection with a proarrhythmic risk in patients with the necessary substrate.
Limitations
Although this study is large and includes a large number of ventricular arrhythmia events, there are some factors that limit interpretation. Use of amiodarone was significantly higher within the secondary prophylaxis group, which might have an unpredictable influence on the effect of CRT-D on ventricular arrhythmias. Randomization was stratified by center and by whether patients were to receive single versus dualchamber ICD, but not by primary versus secondary prophylaxis indication. Further, we do not have comprehensive data on postrandomization ejection fraction to reliably classify patients' clinical response to CRT-D. This limits interpretation of potential mechanisms for the observations. The secondary prophylaxis group, although large in comparison to prior studies, included only 233 patients and may have been underpowered to detect a significant influence of CRT on ventricular arrhythmias. Finally, analysis of recurrent events in the multistate model was curtailed after first recurrences because interventions (antiarrhythmic drugs or catheter ablation) would complicate interpretation.
Conclusions
CRT reduced the rate of onset of new ventricular arrhythmias detected by ICDs in patients without a history of prior ventricular arrhythmias. This effect was not observed among patients who have experienced ventricular arrhythmias. 
